1. Introduction {#sec1}
===============

Photocatalytic conversion of CO~2~ into value-added solar fuels is an intriguing strategy to alleviate both energy crisis and environmental problems. However, seeking sound solutions to improve the catalytic efficiency and selectivity still poses a great challenge in this field.^[@ref1]−[@ref3]^ The most typical one is TiO~2~, which receives much attention due to its low cost, low toxicity, and high stability but suffers from its low catalytic efficiency derived from the intrinsic limitations like wide band gap, fast charge combination, and poor capability in CO~2~ adsorption.^[@ref4]^ New strategies are proposed to overcome these weaknesses. Of note, the cocatalyst decoration strategy becomes a research hotspot owing to the large-scale cocatalyst library, the diversity of fabrication methods, and the multifunctionality of cocatalysts.^[@ref5]^ Among these cocatalysts, the low cost and earth-abundant Cu species become one of the most competitive candidates, perhaps because they alone are also endowed with high efficiency for photocatalysis.^[@ref6]^ More importantly, these Cu-based decorators exhibit parallel efficiency to noble metals such as Au and Pt in enhancing the performance of TiO~2~ toward CO~2~ reduction.^[@ref7]−[@ref9]^

Conventionally, Cu species could be introduced to the as-prepared TiO~2~ via simple precipitation or chemical deposition methods commonly using CuCl~2~ or CuSO~4~ as precursors.^[@ref10],[@ref11]^Sometimes, more efficient one-pot synthesis approaches such as solvothermal or sol--gel processes are used as well.^[@ref9],[@ref12],[@ref13]^ Afterward, calcination of the Cu/Ti mixture at moderate to high temperatures is often implemented to obtain active CuO*~x~*/TiO~2~ (*x* = 0--1) catalysts. With regard to the preparation technologies, it is found that a reductive or inert atmosphere like H~2~ or Ar is more superior to air during calcination for getting more active CuO*~x~*/TiO~2~. More oxygen vacancies (Vo), which are critical to CO~2~ adsorption and dissociation, could be produced more easily.^[@ref14]^ Moreover, the reductive condition also favors the relative abundance of Cu^+^/Cu^0^ mixture, which is usually credited to be the most effective species for catalysis promotion.^[@ref10],[@ref15],[@ref16]^ In addition, highly dispersed Cu species are more preferred since they are believed to act as trappers for photogenerated electrons.^[@ref17]−[@ref19]^ Therefore, a relatively low loading amount of Cu and supports with high specific surface area are often used, and a great effort was recently devoted to synthesize CuO*~x~*/TiO~2~ with Cu in the morphologies of subnanoclusters or even a single atom.^[@ref20]−[@ref22]^ After being introduced to TiO~2~, Cu species would bring about several benefits. The primary one is that the usable solar energy for photocatalysis could be extended to the visible light region.^[@ref22]−[@ref24]^ The secondary one is that the activity, particularly for reduction of CO~2~ into CO, could be promoted largely from a few to dozens of times.^[@ref10],[@ref25]^ In addition, the selectivity toward hydrogen enriched products like CH~3~OH, CH~4~, and H~2~ could be enhanced remarkably.^[@ref10],[@ref15],[@ref26]^

Many significant endeavors were devoted to unravel the underlying mechanism for such a promotion effect brought by Cu decoration. de Lara-Castells et al. found that the Cu~5~ cluster, when being deposited on the surface of TiO~2~, would donate an electron to Ti, favoring the formation of the active Ti^3+^ species for CO~2~ reduction.^[@ref22],[@ref27]^ A similar conclusion was also drawn by Seriani et al., who studied a system of TiO~2~ deposited by Cu clusters (Cu*~x~*, *x* = 1--4). The authors also emphasized the importance of gap states created by the introduced Cu species, which could improve the optical response by reducing the band gap.^[@ref28],[@ref29]^ Iyemperumal et al. disclosed that the Cu clusters (Cu*~x~*, *x* = 1--4) supported on TiO~2~ could strengthen the electron transfer from the support surface to CO~2~ and help to stabilize the adsorption of bent CO~2~, which was the key intermediate state for further reduction.^[@ref30]^ On the other hand, Liu et al. discovered that CO~2~ could be spontaneously dissociated by Vo containing CuO*~x~*/TiO~2~ even under dark conditions. The authors attributed this to the synergistic effect between Vo and Cu^+^ as the former one was not only responsible for creating Ti^3+^ species serving as an electron donor but also offered sites for CO~2~ adsorption, while the latter one could destabilize the adsorbed CO~2~^--^ and boost the subsequent dissociation.^[@ref31],[@ref32]^ Chen et al. subsequently verified this hypothesis by computational methods.^[@ref33]^

Albeit with all these important works mentioned above, there still exists several open questions that remain to be answered. For instance, Vo is consistently believed to be beneficial to CO~2~ reduction, and its formation could be promoted by the introduced CuO*~x~*, but the mechanism is still not fully understood.^[@ref25],[@ref34]^ Moreover, many of the researches mainly focus on the CuO*~x~* supported on the surface of TiO~2~, and few cares about the situation where Cu is doped in the lattice of TiO~2~. However, it was reported that more or less lattice substitution by Cu was possible if considering the relative high calcination temperature and the similar ionic radii of Ti and Cu.^[@ref35]−[@ref37]^ Particularly, the popular one-pot approach would mix Cu and Ti precursors in a molecular level prior to solidification, which facilitates the synthesis of CuO*~x~*/TiO~2~ with a large amount of lattice doped Cu. Moreover, several works finished by Zhu et al. and Xiong et al.^[@ref38],[@ref39]^ recently confirmed that both the surface and lattice Cu played important roles in the promotion of catalysis performance as the surface one was responsible for CO~2~ reduction, while the lattice one was able to improve the carrier transfer process efficiently. Hence, CuO*~x~*/TiO~2~ comprising both surface and lattice Cu was much more superior to those working alone. It is therefore necessary to understand the different physicochemical properties of surface-deposited and lattice-doped Cu species.

Herein, on the basis of the DFT method, we performed an investigation on models of stoichiometric TiO~2~ and those with atomic Cu located on the surface (Cu~S~) or in the lattice (Cu~L~) of TiO~2~. Their structural characters were first analyzed, and the effect of Cu on the formation of oxygen vacancy (Vo) was evaluated. Subsequently, the role of Cu and Vo in CO~2~ adsorption was systemically studied. Finally, to obtain a more comprehensive understanding on the promotion effect of Cu on the whole catalytic process, we performed comparative studies on two reaction pathways for the reduction of CO~2~ into CO.

2. Computational Methods and Models {#sec2}
===================================

The DFT calculations were performed with the Vienna ab initio simulation package (VASP), and the periodic boundary condition was applied. The PBE functional and PAW pseudopotentials were adopted. A plane-wave cutoff energy equaled to 400 eV was used, and spin polarization was set in all the calculations. For structure optimization, the convergence criterion of total energy was set to be 1 × 10^--6^ eV. Structures were relaxed until the maximum force on each atom was smaller than 0.03 eV/Å.

All the calculations were performed at the gamma point. For exchange-correlation functional, we used generalized gradient approximation (GGA) proposed by Perdew et al.^[@ref40]^ However, due to the inherent error derived from the self-interaction of the DFT method, the Hubbard term (DFT+*U*) was added to calculate all the slab models involved with Ti atoms. Specifically, we applied a *U* value of 3.5 eV to the Ti 3d electrons.^[@ref41],[@ref42]^ To improve the accuracy of dispersion interaction, which might be important for the adsorption of CO~2~ on TiO~2~, the D3(BJ) dispersion correction was employed as well.^[@ref43],[@ref44]^ The minima energy path of the reaction was searched by the nudged elastic band method with climbing (CNEB).^[@ref45],[@ref46]^ The charge analysis was carried out with the Bader method.^[@ref47],[@ref48]^ The crystal orbital Hamilton population (COHP) analysis was performed with the Lobster program using the electronic structure output from the VASP.^[@ref49],[@ref50]^

The simulation was carried out with a slab made of anatase (101) surface, which was stable and very abundant in TiO~2~ and commonly used as the model surface for photocatalysis.^[@ref51],[@ref52]^ As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, we constructed different catalytic surface models by cleaving a (3 × 1) supercell of an optimized anatase bulk. The obtained slab containing144 atoms consisted of four TiO~2~ trilayers and had a thickness of ca. 13 Å. Along the *z* direction, slabs were spaced by a vacuum layer of 15 Å (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b, PS).

![Different surface models for CuO*~x~*/TiO~2~ created by introducing single Cu atoms to the anatase (101) surface studied in this work: (a) Side (left) view of the pristine anatase (101) surface (PS). (b) Top (right) views of PS, (c) PS with a bridge Vo (OS), (d) PS with a surface-deposited Cu (Cu-PS), (e) Cu-PS with a bridge Vo (Cu-OS), (f) PS with a lattice-doped Cu (Cu/PS), and (g) Cu/PS with Vo (Cu/OS). O~2c~ and O~3c~ mean oxygen atoms with coordination numbers of 2 and 3, respectively. Ti~5c~ and Ti~6c~ indicate the Ti atoms with coordination numbers of 5 and 6, respectively. Atoms 1--6 are those frequently mentioned in this work and labeled by specific names. The relative position of O atoms on the surface is also marked. Color scheme: Silver, orange, and red spheres represent Ti, Cu, and O, respectively.](ao0c01533_0001){#fig1}

Given the low loading of Cu mostly used in experiments, as well as the kinetic stability of lone Cu atom,^[@ref53]^ the models for CuO*~x~*/TiO~2~ was created by introducing single Cu atoms to the anatase (101) slab. Such a strategy was also reported in other works and verified to be reasonable.^[@ref21],[@ref28],[@ref54]^ To construct the models modified by the Cu~L~, a Ti~5c~ on the surface of the slab was substituted by a Cu atom ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f, Cu/PS). With respect to the models containing the Cu~S~, a Cu atom was adsorbed between two bridging oxygen atoms on the surface of the slab ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d, Cu-PS). In addition to PS, Cu-PS, and Cu/PS, we also investigated the cases in which Vo was created by extracting bridging oxygens, which were denoted as OS, Cu-OS, and Cu/OS, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,e,g). For the sake of simplicity, six atoms, which would be frequently mentioned in this work, were marked by specific names as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

The formation energies of Vo (Δ*E*~VO~) are calculated as follows:where *E*~SurfO~ is the energy of the slab with Vo in the top layer, *E*~1/2O~2~~ is the half energy of an O~2~ molecule in gas phase, and *E*~SurfP~ is the energy of the slab without Vo.

The adsorption energies of CO~2~ (Δ*E*~ad~) on the surface in both linear and bent states are calculated by the following equation:where *E*~CO~2~/Surf~ and *E*~Surf~ are the energies of the slab with or without an adsorbed CO~2~ molecule, respectively, while *E*~CO2~ is the energy of a single CO~2~ molecule in the gas phase.

3. Results and Discussion {#sec3}
=========================

3.1. Structural Characters {#sec3.1}
--------------------------

We first investigated the structural characters of Cu-PS (anatase (101) surface modified by a surface-deposited Cu, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) and Cu/PS (anatase (101) surface modified by a lattice-doped Cu, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f). As a matter of fact, several typical locations for the Cu~S~ and Cu~L~ were explored, but only the more stable structures are given in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, while other metastable ones are presented in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information. It could be seen the Cu~S~ in Cu-PS prefers to adsorb along the middle of two bridging O~2c~ denoted as O6 and O7 (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Cu--O6 and Cu--O7 bonds have equal bond lengths of 1.88 Å, which are similar to the value of 1.85 Å detected in pure Cu~2~O and indicates the strong interaction between Cu and TiO~2~ surface.^[@ref32]^ Iyemperumal et al. and Seriani et al. performed a similar investigation on Cu/anatase (101). They also found that atomic Cu tended to adsorb on the same bridging sites, and comparable distances for Cu--O (1.88--1.89 Å) were reported as well.^[@ref28],[@ref30]^ With regard to Cu/PS, it is found that the Cu~L~ is more apt to substitute Ti~5c~ than Ti~6c~ (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information). We make an analysis on the interaction between the Cu~L~ and five surrounding atoms O1--O5. It shows the distances between the Cu~L~ and O1--O5 are in the range of 1.81--2.03 Å, which are slightly shorter than the Ti--O bonds observed in PS (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information). On the other hand, based on the method of crystal orbital Hamilton population (COHP),^[@ref49],[@ref50]^ we tried to evaluate the relative stability of Cu by the bond strength of Cu--O bonds in Cu-PS and Cu/PS. Briefly speaking, COHP analysis is carried out on the basis of the band structures of the investigated solids and is able to illustrate the orbital--pair interactions of adjacent atoms. Through the integration of COHP diagrams (ICOHP), the strength of the bonds among these adjacent atoms could be quantitatively described, and stronger bond strength could be implied by more positive values of -ICOHP. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, the bond strength of Cu--O6 and Cu--O7 in Cu-PS is almost the same, as indicated by the similar -ICOHP values of 1.05 and 1.04 eV, respectively. With respect to Cu/PS, the -ICOHP value for Cu--O5 is 0.60 eV, reflecting the weak interaction between the two atoms. While the bond strengths of Cu--O2, Cu--O3, and Cu--O4 is close to those of Cu--O6 and Cu--O7, judging from their similar -ICOHP values. Moreover, the bond strength between Cu and O1 is much stronger than the others and has an -ICOHP value of 1.43 eV. The results above preliminarily imply that the Cu~L~ could easily fit into the lattice of TiO~2~ and has close contact with the nearby atoms. In the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) (see [Figures S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf)), we also compared the relative stability of Cu/PS and Cu-PS with a thermodynamic approach, which is also in accordance with the result of COHP analysis.

![Bond distances of Cu-O*n* (*n* = 1--7) and the corresponding -ICOHP values in (a) Cu-PS and Cu/PS and (b) Cu-OS and Cu/OS. (The locations of O*n* are numbered and shown in (c) and (d). The contributions from s, p, and d orbitals of the involved atoms were used to calculate the -ICOHP values.)](ao0c01533_0005){#fig2}

However, it is obvious that the close contact of the Cu~L~ with O1--O5 suggests that its coordination number (CN) is as high as 5, which is against the viewpoint that a low CN is more favorable for CO~2~ adsorption.^[@ref30],[@ref54]^ More importantly, the experiment results disclosed that Cu had a CN between 3 and 4 with a Cu loading of 1--10 wt % on TiO~2~.^[@ref32],[@ref55]^ From this perspective, it is more important to study the cases with Vo on Cu/PS. Therefore, the stability of atomic Cu in Cu/OS (Vo containing the anatase (101) surface modified by a lattice-doped Cu, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g) and Cu-OS (Vo containing the anatase (101) surface modified by a surface-deposited Cu, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e) was comparatively studied as well (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). It is found the removal of O1 could hardly affect both the bond lengths and -ICOHP values of Cu--O6 and Cu--O7 in Cu-OS. However, the lattice disorder occurring around the Cu~L~ results in a different scenario in Cu/OS, that is, the distances of Cu--O2 and Cu--O4 are kept almost the same, and that of Cu--O3 stretches obviously, while that of Cu--O5 decreases to the same value as those of Cu--O2 and Cu--O4 but has a smaller -ICOHP value than the latter two, which is possibly owing to the larger CNs of O5 at the sublayer and weakens the Cu--O5 bond consequently. It is found the atomic distances between Cu and O2--O5 are generally conformed with the experimental values verified by in situ EXAFS results reported by the literature,^[@ref32],[@ref55]^ which revealed that the average length of Cu--O in CuO*~x~*/TiO~2~ was in the range of 1.92--1.94 Å. On the other hand, though the bond lengths of Cu--O2 and Cu--O4 in Cu/OS are longer than those of Cu--O6 and Cu--O7 in Cu-OS, the -ICOHP values suggest that the former two bonds are even stronger. Such a discrepancy between bond length and strength is possibly due to the electron trapper role of the Cu~L~ (please refer to the following section), which would attract the electron pairs generated by the formation of Vo and bring about a more intensified interaction between Cu and adjacent atoms.

Furthermore, the investigation on the situation where the Cu~L~ had a CN = 3 was also carried out by introducing two Vo around the Cu~L~, and the results show that the Cu~L~ is still more stable than the Cu~S~ (see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information). Therefore, in the view of both the number and strength of Cu--O bonds, the Cu~L~ in the TiO~2~ lattice is endowed with higher stability than the Cu~S~ on the surface, regardless of the removed O atoms around the Cu~L~. Such a conclusion is also in accordance with the experimental observation that the CuO*~x~*/TiO~2~ containing a large amount of lattice Cu exhibited excellent stability and recyclability in photoreduction.^[@ref38],[@ref39],[@ref56]^

3.2. Oxygen Vacancy {#sec3.2}
-------------------

We tried to investigate the effect of Cu modification on the formation of oxygen vacancy (Vo). Several O sites were explored to be removed so as to produce an oxygen-deficient surface, and the relatively more stable models are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, while the others will be discussed in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information. It could be seen the formation energy of Vo (Δ*E*~VO~) by removing the O~2c~ site on PS (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b) is as high as 4.61 eV. It is similar to the values calculated by Li et al. (4.37 eV) and Gao et al. (4.18 ∼ 4.89 eV).^[@ref57],[@ref58]^ Correspondingly, some rigorous approaches like high-temperature calcination and the accompanying reductive atmosphere are usually needed to introduce abundant Vo into pristine TiO~2~. With respect to Cu-modified TiO~2~, the Δ*E*~VO~ even slightly increases after the Cu~S~ modification. Chen et al. also disclosed the same tendency.^[@ref33]^ However, we find that the Δ*E*~VO~ is dominantly reduced to 0.15 eV for Cu/PS. When an alternative O site far from the Cu~L~ is removed to produce the model surface Cu/OSII, the resulting Δ*E*~VO~ increases to 1.66 eV but is still much lower than that needed for PS. The lowered Δ*E*~VO~ is in accordance with the experimental observation that the abundance of Vo in TiO~2~ is improved after the modification of CuO*~x~*, and sometimes Vo could even be induced by light irradiation as the value of Δ*E*~VO~ is much smaller than the band gap mostly detected in CuO*~x~*/TiO~2~.^[@ref1],[@ref25]^

![Formation energy of the Vo in PS, Cu/PS, and Cu-PS (Bader charges of several key atoms circled by dashed line are given).](ao0c01533_0006){#fig3}

A comparison study on the projected density of states (PDOS) of various surfaces was carried out to understand how the electronic structures are affected by dopants and Vo. As has been repeatedly reported, a small mid-gap state due to the Ti^3+^ polarons is observed in the band gap of OS (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) as the removal of an oxygen atom could normally create lone electrons in the system, which tends to mainly localize at the Ti~5c-1~ and Ti~6c-1~ sites adjacent to the vacancy.^[@ref59]^ This could be verified by the Bader charge analysis presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, in which Ti~5c-1~ and Ti~6c-1~ on OS gain 0.24 e^--^ and 0.27 e^--^, respectively, when compared with those on PS. Consequently, in comparison to PS, the band gap of OS is narrowed and electrons are more readily transferred to the conduction band via the Ti^3+^ ions (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). The Cu~S~ on perfect TiO~2~ would extend the VB to a higher energy level through creating a top end constituted by Cu 3d orbitals. This indicates that the Cu~S~ plays a superior donor on Cu-PS (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The Cu~S~ would transfer part of its electrons to the support, which could be directly reflected by the spin density before and after the deposition of the Cu~S~ on PS (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information).

![Projected density of states (PDOS) for (a) PS, (b) OS, (c) Cu-PS, (d) Cu-OS, (e) Cu/PS, (f) Cu/OS, and (g) Cu/OSII. (The Fermi level is shown by the red dashed line. The gray area indicates the occupied states. O~2c~ is the oxygen atom ready to be removed on PS, Cu-PS, and Cu/PS for the production of OS, Cu/OS, and Cu-OS, respectively. The majority spin is graphed in the upper part of the diagram, and the minority spin in the lower part is only graphed for the Ti~6c-1~ site.)](ao0c01533_0007){#fig4}

When a Vo is further introduced, the generated lone electrons incline to concentrate on the neighboring Ti~5c-1~ and Ti~6c-1~ as well, and an occupied gap state belongs to them is formed right below the conduction band (CB) as a result. It means the deposition of the Cu~S~ on OS would strengthen the reduction potential of the catalyst, which is very important to the efficient photoreduction of CO~2~.^[@ref26],[@ref60]^ Meanwhile, nearly no excess electrons are allocated to the Cu~S~, as indicated by its constant charges, and the state of Cu 3d is also kept almost the same to that of Cu-PS (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d). In addition, it is also in accordance with the previous COHP analysis that the interaction strength between the Cu~S~ and TiO~2~ is nearly not affected by the introduced Vo.

The scenario is somewhat different for the lattice-doped cases. The presence of Cu~L~ creates a hole state in the gap, which is mostly contributed by Cu 3d orbitals. This indicates that the Cu~L~ plays a role of electron trapper herein ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). This could be backed up by the charges of the Cu~L~ (9.68 e^--^), which manifests its enhanced electronic deficiency in comparison to the Cu~S~ (10.35 e^--^). It also partially accounts for the more facile introduction of a Vo to Cu/PS as the lone electrons created by the removal of the oxygen atom would get a way to lower their energy by occupying the empty state of the Cu~L~ in both Cu/OS and Cu/OSII.^[@ref61]^ In addition, the very low energy level of this empty state also retards the lone electrons to flow into the Ti~6c-1~ site adjacent to the vacancy ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f,g). This is in accordance with the experimental observation that the abundance of Ti^3+^ was often detected to decrease after the modification of Cu.^[@ref25],[@ref34],[@ref55]^ Meanwhile, it is interesting that some metallic characters could be found on Cu/OSII, judging from the half-filled mid-gap state of the Cu~L~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g). This metallicity of photocatalysts was proven to facilitate the enhancement in conductivity and the creation of electron--hole pairs via interband transitions.^[@ref62],[@ref63]^ In this aspect, several works also disclosed that TiO~2~ exhibited a relatively higher photocurrent response and smaller charge transfer resistance after the modification of CuO*~x~*.^[@ref39],[@ref54],[@ref64]^ On the other hand, we also notice that the introduction of a Vo would have the Cu~L~ only gain charges of 0.21 e^--^ in Cu/PS, but both the Ti~5c-1~ and Ti~6c-1~ sites in PS or Cu-PS accept more than 0.2 e^--^ (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Such a discrepancy could be partially illustrated by the PDOS of O~2c~ ready to be removed. Normally, the 2p orbitals of the O~2c~ site in PS are well below the Fermi level and fully filled, while the O~2c~ site in Cu-PS would be stabilized by gaining more or less electrons from the Cu~S~ and locates at a lower energy level. However, the O~2c~ site in Cu/PS would be destabilized by transferring a portion of its charges to the electronically deficient Cu~L~. Therefore, its 2p state is partially empty and sits at a relatively higher energy level, which makes this O~2c~ very reactive and easily to be removed for the creation of a Vo, but less electrons could be released consequently (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

It is also significant to know the influence scope of the Cu~L~ in trapping electrons as well as the capacity of the Cu~S~ as a hole trapper. The injection of excess electrons or holes is mimicked by the introduction of extra H or −OH into Cu/PS and Cu-PS, respectively (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@ref33],[@ref65],[@ref66]^ Thereinto, H1 and −OH1 are near the Cu species, and H2 and −OH2 are relatively far away, while H3 and −OH3 are located at the bottom of the slab. Interestingly, the Cu~L~ could always gather approximately 0.05 e^--^ from the introduced H atoms and slightly reduced (from 9.68 e^--^ to about 9.74 e^--^) no matter where their locations are, while the Ti sites adjacent to the added H could scarcely receive extra electrons. Meanwhile, the −OH groups introduced to Cu-PS are obvious electronically deficient, and the Ti sites sit below them would constantly lose about 0.05 e^--^. However, the effect of −OH on the Cu~S~ seems to largely depend on the distance between them. As we can see, the Cu~S~ is partially oxidized and lost about 0.13 e^--^ (from 10.34 e^--^ to 10.21 e^--^) due to the direct contact with the nearby −OH1, but it only loses 0.01 e^--^ when −OH2 or −OH3 is introduced. The results above preliminarily indicate that the Cu~S~ is likely to be a local hole trapper, while the Cu~L~ might be a global electron trapper. It is probably derived from its structural properties discussed above that the Cu~L~ has a stronger interaction with TiO~2~ than the Cu~S~. This suggests that the Cu~L~ dose is able to suppress the recombination of the photoinduced carriers by gathering the electrons all over the catalyst system. As a result, more holes could be left in the catalyst matrix and are responsible for oxidation reactions like H^+^ production via H~2~O dissociation. The Cu~L~, after trapping enough electrons, is potentially reduced to H^+^ further. It might partially account for the evidently improved selectivity of Cu-modified TiO~2~ toward hydrogen-enriched products such as H~2~, CH~4~, and CH~3~OH.^[@ref26],[@ref67]−[@ref69]^

![(a) Locations of the introduced H atoms on Cu/PS. (b) Locations of the introduced −OH groups on Cu-PS. (c) Varied atomic charges on the Cu~L~, Cu~S~, and some Ti atoms after the introduction of H or −OH. (The Ti atoms are nearby the H and −OH groups, and their locations are shown in (a) and (b), respectively.)](ao0c01533_0008){#fig5}

3.3. CO~2~ Adsorption {#sec3.3}
---------------------

The effect of Cu and Vo on the adsorption of CO~2~ was further investigated, and six typical adsorption configurations were considered, as shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The A1 model is for the adsorption of CO~2~ in the linear state, while B1, B2, C1, C2, and C3 are for the adsorption of bent CO~2~. All the configurations were searched on different sites of various surfaces. The most stable geometries for linear and bent CO~2~ adsorption are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, and the corresponding adsorption energies of these geometries are given in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, while other less stable local minima are supplemented in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information.

![Top and side views of various surfaces adsorbed by (a) linear CO~2~ and (b) bent CO~2~ in the most stable configuration. (The distance between O1 in CO~2~ and the adsorption site is given in the side view of (a). The bond angle of the bent CO~2~ is given in the side view of (b). Bader charges of several key atoms circled by dashed line are given in both (a) and (b) for comparison.)](ao0c01533_0009){#fig6}

![Adsorption energies of linear and bent CO~2~ in the most stable configuration on various surfaces. (The notation of the configurations for CO~2~ is presented in parentheses, which correspond to those in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b.)](ao0c01533_0010){#fig7}

![Typical Adsorption Configurations of CO~2~ in Linear and Bent States on Various Surfaces\
(M = Cu or Ti; the gray square indicates the Vo; the CN of the O bridged by M and Ti is "2" in the A1 and B1 configurations and "3" in the B2 configuration).](ao0c01533_0013){#sch1}

Preliminarily, CO~2~ tends to physically adsorb on the surface in the linear state and tilts toward to the support in a similar manner. Given the electrostatic nature of this kind of interaction, two aspects of the adsorption sites including their charges as well as the steric hindrance around them might primarily impose an impact on the linear adsorption. On the surface of PS, CO~2~ tends to linearly adsorb on the Ti~5c-1~ site, which was commonly reported elsewhere.^[@ref70],[@ref71]^ Regarding Cu-PS and Cu/PS, as the Cu species are not effective adsorption sites for CO~2~ (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information),^[@ref30],[@ref72],[@ref73]^ and for the case of Cu-PS, the adsorption could even be hampered by the protruded Cu~S~ in front of the Ti~5c-1~ site. Hence, CO~2~ prefers to adsorb on the neighboring Ti~5c-2~ site. On the other hand, though a portion of electrons could be transferred to TiO~2~ from the Cu~S~, while the Cu~L~ would abstract some electrons from TiO~2~, the calculated Bader charges of the adsorption sites (Ti~5c-1~ or Ti~5c-2~) on PS, Cu-PS, and Cu/PS are hardly affected and have similar values close to 2.00 e^--^ (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). As a consequence, the adsorption energies are roughly −0.5 eV on all these surfaces.

A more negative adsorption energy of −0.64 eV could be observed on the surface of OS as its adsorption site (Ti~5c-1~) possesses more charges (2.23 e^--^) by gathering lone electrons generated during the formation of Vo and becomes more appealing to the upcoming CO~2~. The more negatively charged Ti~5c-1~ (2.27 e^--^) in Cu-OS also makes it competent in CO~2~ adsorption, but the corresponding adsorption energy is kept low (0.48 eV). Probably, its increased charges are compensated by the greater steric hindrance derived from the Cu~S~ right in front of it (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf)). More straightforwardly, the strength of the linear adsorption could also be reflected by the distance between the adsorption site and CO~2~ as it is about 0.1 Å shorter on OS than the other ones (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A).

To further dissociate the adsorbed CO~2~, it is necessary to be activated by being transformed from the linear to bent state. For PS and Cu-PS, the bent CO~2~ possesses the carbonate-like B2 configuration by bonding to the surface through two T~5c~ sites (Ti~5c-1~ and Ti~5c-2~) and one O~3c~ site. Similar to the calculations of Iyemperumal et al., the presence of the Cu~S~ could stabilize the bent CO~2~ more or less;^[@ref30]^ hence, the adsorption energies decrease from −0.22 eV on PS to −0.34 eV on Cu-PS. The bent CO~2~ has a bond angle of 135° on PS but decreases to 133° on Cu-PS, and both of its C--O bonds equally elongate to 1.26 Å on PS but with one elongating to 1.25 Å and the other to 1.28 Å on Cu-PS. (The calculated length of C--O bonds in gas CO~2~ is 1.18 Å). It means that the bent CO~2~ is more severely activated on Cu-PS. The instability of the bent CO~2~ could also be reflected by the narrowed gap between its highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbitals (LUMO) since the former goes up to a higher energy level close to the EVB, while the latter falls from the vacuum level into the CB. As discussed above, the Cu-PS is more convenient than PS to donate its electrons to the bent CO~2~, but the promotion effect seems weak as the location and intensity of the state of the Cu~S~ are kept nearly the same before and after the CO~2~ transformation (see [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,c and [9](#fig9){ref-type="fig"}c). It could be seen the Cu~S~ tends to move a bit toward the bent CO~2~ and simultaneously donates it very small number of charges (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). As a consequence, the charges on CO~2~ only increase from 0.11e^--^ on PS to 0.15 e^--^ on Cu-PS (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). For Cu/PS, the bent CO~2~ tends to adapt the B1 configuration by bonding to the surface through the T~5c-2~ site and one O~2c~ site. In such a configuration, the reorganization of CO~2~ is more severe, that is, the bond angle ∠O--C--O is smaller (129°) and the C--O bonds are asymmetrically elongated to 1.22 and 1.31 Å. As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}e, the gap between the HOMO and LUMO of the bent CO~2~ is further narrowed than that observed for Cu-PS since its HOMO just lies at the EVB. In addition, the partial state of the Cu~L~ is evenly dispersed along the VB and has obvious overlap with that of CO~2~, which suggests a possible strong interaction between them. However, the Cu~L~ also has an empty gap state and becomes very electronically deficient; hence, it does not donate but even take some electrons from CO~2~, and it could be seen that the partial state of the HOMO of CO~2~ is even above the Fermi level. This is in accordance with the slightly lost charges of the bent CO~2~ and the weakly increased charges of the Cu~L~ on Cu/PS (see [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [8](#fig8){ref-type="fig"}). Therefore, no extra electrons could be provided for the stabilization of the bent CO~2~, and its adsorption energy on Cu/PS is as low as −0.22 eV.

![Varied charges of CO~2~ transformed from the linear to the most stable bent configuration on various surfaces.](ao0c01533_0011){#fig8}

![PDOS for the bent CO~2~ adsorbed on (a) PS, (b) OS, (c) Cu-PS, (d) Cu-OS, (e) Cu/OS, and (f) Cu/OSII. (The Fermi level is shown by the red dashed line. The gray area indicates the occupied states. The majority spin is graphed in the upper part of the diagram, and the minority spin in the lower part is only graphed for the Ti~6c-1~ site.)](ao0c01533_0012){#fig9}

When a Vo is introduced into PS and Cu-PS, as shown in the cases of OS and Cu-OS, CO~2~ prefers to transform into the C1 configuration by horizontally bridging the Ti~5c-1~ and Ti~6c-1~ sites through its two O atoms and letting the C atom down into the vacancy. Similar calculation results were also declared by Liu et al. and Sorescu et al. on Vo containing the anatase (101) surface.^[@ref70],[@ref74]^ The C1 and B2 configurations are analogous in the structure characters including the bond length and angle. However, the stability of the former one on both OS and Cu-OS is largely improved, as indicated by the very negative adsorption energies lower than −0.95 eV. Surplus charges higher than 0.85 e^--^ could also be observed on the bent CO~2~, which is coincident with the mechanism that the neutral CO~2~ needs to gain one electron and transforms into the CO~2~^--^ anion for further dissociation.^[@ref65],[@ref75]^ Nevertheless, a small difference in the adsorption energies on both OS and Cu-OS seems to imply the significance of the vacancy, which offers adsorption sites and excess electrons to the bent CO~2~, while the effect of the Cu~S~ is faint herein. It is probably the Ti~5c-1~ and Ti~6c-1~ sites bonding to the bent CO~2~ that take a major role in the activation process. It could be seen that, if linear CO~2~ is adsorbed, the occupied gap states of the two atoms locate nearby the ECB and become more active to donate electrons. After the bending of CO~2~, their states show a weaker intensity and shift downward to hybridize with the LUMO of CO~2~ at the EVB. Meanwhile, just like the case of Cu-PS, it could be found that both the location and intensity of the state belonging to the Cu~S~ are kept almost the same during the activation of CO~2~ on Cu-OS (see [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d and [[9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d). This could also be partially verified by the almost constant atomic charges of the Cu~S~ on Cu-OS.

We calculated the adsorption of CO~2~ on both Cu/OS and Cu/OSII and found that CO~2~ could be better stabilized by the latter one (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information). With respect to Cu/OSII, as indicated by the atomic charges, most of the lone electrons created by the removal of oxygen migrate to the Cu~L~ and only a little to the Ti~5c-1~ and Ti~6c-1~ sites (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Hence, the adsorbed CO~2~ fails to bend into the C1 configuration like on OS and Cu-OS but tends to transform into the B2 configuration by bonding to the Cu~L~ and Ti~5c-2~ and O~3c~ sites. However, the interaction between the bent CO~2~ and Cu~L~ seems unfavorable because one O of CO~2~ is repulsed by the Cu~L~, causing the structure characters of CO~2~ to be somewhat different to those observed previously. Thus, its ∠O--C--O (ca. 131°) got smaller and the C--O bonds stretched asymmetrically to 1.20 and 1.33 Å, respectively. At the same time, similar to the case of Cu/PS, the HOMO of the bent CO~2~ is activated near to the EVB. Furthermore, according to its half-filled gap state, the metallicity of the Cu/OS remains along the adsorption process, but the Cu~L~ is still inadequate to be a donor for the bent CO~2~. As a consequence, CO~2~ only accepts about 0.07 e^--^ during the transformation, and the adsorption energy is as low as −0.32 eV, which is just slightly improved in comparison to the case of Cu/PS.

3.4. CO~2~ Dissociation Pathways {#sec3.4}
--------------------------------

The dissociation of CO~2~ is another key step for the reduction of CO~2~ for TiO~2~-based catalysts. Chen et al. had already performed a theoretical study on this step in Cu-modified TiO~2~ and highlighted the synergistic effect between the single Cu atom and the nearby Vo, which could decrease the energy barriers of dissociation to 0.1--0.2 eV.^[@ref33]^ However, as mentioned above, in addition to the dissociation, the activation of CO~2~ into the bent configuration is also very important. Therefore, in this section, we tried to investigate the reduction of CO~2~ into CO in a more thorough way by calculating the complete reaction pathways. The diffusion mechanism of CO~2~ on TiO~2~, which might proceed via the Langmuir--Hinshelwood model,^[@ref76]^ is also very important in the whole reaction process. However, it is not the focus of this work, and we prefer not to discuss herein.

On the surface of PS, Cu-PS, Cu/PS, and Cu/OS, the linear adsorption of CO~2~ is even more stable than the bent one. Hence, we preferred to perform a comparative study on OS and Cu-OS, which are very thermodynamically favorable in the activation of CO~2~ from the linear to bent state. The reduction goes on as the HV pathway, which has been identified to be preferable on Vo containing TiO~2~.^[@ref70],[@ref74]^ In this way, CO~2~ would typically experience an activation by being successively transformed into the C1 and C2 configurations, in which CO~2~ is distinct in horizontally and vertically bonding to the surface, respectively. After the dissociation of CO~2~, the produced CO would be adsorbed by the Ti~5c-1~ site on OS but by the Cu~S~ on Cu-OS (see [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}a,b).^[@ref70],[@ref74]^

![Proposed Reduction Mechanism of CO~2~ into CO through (a, b) the HV Pathway on OS and Cu-OS, Respectively, and (c) the DM Pathway on Cu-OS](ao0c01533_0014){#sch2}

The detailed reaction coordinate shows that, on the surface of both OS and Cu-OS, the linear CO~2~ in the A1 configuration has to be turned around to be the A1\* state so as to transform into the carbonate-like C1 configuration. The A1 → A1\* step proceeds in a moderate endothermic way, and adsorption enthalpies of more than 0.4 eV are necessary for both cases. However, another 0.45 eV is further needed for the primary transformation of A1\* → C1 on OS, and it is almost barrierless on Cu-OS. As shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, the spin density is mainly populated on the Ti~6c-1~ site on OS but symmetrically on the Ti~5c-1~ and Ti~6c-1~ sites on Cu-OS. The density isosurface on the Ti~5c-1~ and Ti~6c-1~ sites is also relatively bigger on Cu-OS. It means that the Cu~S~ donates a portion of electrons to the TiO~2~ matrix and makes more singly occupied molecular orbital (SOMO) electrons evenly distribute on the Ti~5c-1~ and Ti~6c-1~ sites of Cu-OS, which favors their hybridization with the LUMO of CO~2~ and intensifies the CO~2~ adsorption by lowering the kinetic barrier of A1\* → C1 transformation. This is consistent with the fact that the modification of Cu could enhance the adsorption capacity of CO~2~ on TiO~2~.^[@ref25]^ In the next step, CO~2~ would go through a secondary transformation from C1 to C2, which is slightly endothermic and needs to overcome a barrier of about 0.75 eV. On both surfaces, CO~2~ in the C2 configuration has ∠O--C--O as small as 130°, and one of its C--O bond nearby the surface stretches up to 1.35 Å, while the other one shrinks to about 1.20 Å. Meanwhile, the excess charges on CO~2~ in C2 and C1 are also comparable. Therefore, CO~2~ is ready to dissociate by crossing a barrier lower than 0.15 eV and gives one of its O to occupy the vacancy, while the remaining CO would prefer to adsorb on the vicinal Ti~5c-1~ on OS but the Cu~S~ site on Cu-OS. The interaction of CO and the Cu~S~ is so strong that a desorption energy of 1.36 eV is demanded. It is coincident with the +1 oxidation state of the Cu~S~ justified by its Bader charges (10.36 e^--^) since CO is disclosed to adsorb on Cu^+^ tightly and often used as probe molecules to detect trace Cu^+^ species, and this phenomenon was also theoretically verified by Singhal et al. and Chen et al.^[@ref33],[@ref77],[@ref78]^

![Energy profile of the HV pathway on OS and Cu-OS and the spin density maps of the A1\* configurations in both surfaces. (The A1 configuration is set as the zero energy level. Dotted lines indicate the desorption process. The spin density isosurface for A1\* on both surfaces is shown in the bottom left. The same isosurface level is applied in both cases, and the yellow and aqua lobes correspond to spin up and spin down, respectively. The minimum and maximum values of the spin density isosurface for A1\* in both surfaces are given.)](ao0c01533_0002){#fig10}

As we could see, if the reduction of CO~2~ proceeds via the HV pathway, on the one hand, it is coincident with the experimental observation that the CO~2~^--^ anion could be detected on reduced TiO~2~, but no CO products could be measured since the C1 → C2 transformation has a high energy barrier.^[@ref31]^ On the other hand, when we look back on the adsorption of CO~2~ on OS and Cu-OS, the adsorption energies are almost indiscriminate, and the energy state of Cu~S~ barely varies throughout the adsorption and dissociation processes. Therefore, it seems the Cu~S~ itself does not participate in the CO~2~ reduction. More importantly, the energy barrier for the rate-determining step, namely, the C1 → C2 transformation, is kept as high as 0.75 eV after the Cu~S~ modification, which contradicts the experimental observation that CO~2~ could be simultaneously dissociated by CuO*~x~*/TiO~2~ into CO even under dark conditions.^[@ref31],[@ref32]^

We are aware that more close contact between Cu and CO~2~ should be considered as CuO*~x~* alone was also widely disclosed to be active in CO~2~ activation.^[@ref72],[@ref79]^ In this context, we propose the DM pathway for Cu-OS and assume that CO~2~ bends into the less energetically favorable N2 configuration (see [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}c). It is analogue to the C2 in geometry, but the whole CO~2~ molecule would move toward the Cu~S~ and has close contact with the Ti~5c-1~ and Cu~S~ sites simultaneously. As shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}, to achieve the direct activation of CO~2~ from A1 to N2, a moderate energy of 0.39 eV is required, and then the dissociation would proceed by surmounting a barrier of only 0.3 eV. It is distinct that the thermodynamically unfavorable A1 → A1\* step and the energy-demanding C1 → C2 step are successfully skipped under the assistance of the Cu~S~, which makes the rapid dissociation of CO~2~ under dark conditions possible. As the structures of N2 and C2 are similar, we also tentatively examined the possibility that CO~2~ was straightforwardly transformed from A1 to C2, but it failed to locate the transition state, which was confronted on Vo containing TiO~2~ as well.

![Energy profile of the HV and DM pathways for CO~2~ reduction on Cu-OS. (The A1 configuration is set as the zero energy level. Dotted lines indicate the desorption process. The HV and DM pathways are depicted in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}.)](ao0c01533_0003){#fig11}

The electron density difference maps show that CO~2~ is always apt to receive extra electrons in each step of the DM pathway (see [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). In the A1 configuration, only a small number of electrons would migrate from the Ti~5c-1~ site to CO~2~. CO~2~ in the N2 configuration would attract much more electrons from both the Ti~5c-1~ and Cu~S~ sites, which clearly justifies the stabilization ability of the Cu~S~ to the bent CO~2~. When the produced CO is stripped by the Cu~S~, the obvious migration of electrons from the latter to the former could also be observed, which suggests the strong adsorption of CO on the Cu~S~. By contrast, in the HV pathway, the Cu~S~ likely donates few electrons to the bent CO~2~ in the C2 configuration, as reflected by the constant electron density of the Cu~S~. This could also be verified by the electronic structures of N2 and C2 as shown in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf) in the Supporting Information. This indicates that the stabilization of CO~2~ by the Cu~S~ largely depends on the intimate interaction between them. However, it should be noted that the desorption of CO from the Cu~S~ is still difficult and might partially account for the deactivation of the CuO*~x~*/TiO~2~ in CO~2~ reduction.^[@ref10],[@ref32],[@ref77]^

![Electron density difference maps of (a) A1, (b) N2, and (c) \*CO configurations involved in the DM pathway and (d) C2 configuration in the HV pathway. (The positive and negative values in the color bar indicate the increased and decreased charges during the process, respectively.)](ao0c01533_0004){#fig12}

4. Conclusions {#sec4}
==============

In this work, a theoretical investigation was systematically carried out to understand the effect of the surface-deposited Cu (Cu~S~) and lattice-doped Cu (Cu~L~) on the structures of the anatase (101) surface and its catalytic behaviors in CO~2~ adsorption and dissociation. The number and strength of the Cu--O bonds clearly indicate that the Cu~L~ is much more stable than the Cu~S~. In addition, the Cu~L~ could obviously promote the formation of oxygen vacancy (Vo), while the opposite result is observed for the Cu~S~. The electronic bands show that the Cu~S~ would generate an occupied state at the edge of the valence band (EVB) and plays a role of donor, while the Cu~L~ would produce an empty gap state and becomes an electron trapper. The excess electrons generated during the creation of Vo would immigrate to the Cu~L~; simultaneously, the formation of Ti^3+^ adjacent the Vo is suppressed. Depending on the location of the Vo, the gap state of the Cu~L~ could be half-filled, which endows the catalyst with metallic characters and improves its electron mobility as a result.^[@ref62],[@ref63]^ Meanwhile, we added extra H atoms or −OH groups on the surface of TiO~2~ modified by the Cu~L~ and Cu~S~, respectively, so as to mimic the excess electrons or holes generated via photoexcitation.^[@ref33],[@ref66]^ It is found that the Cu~L~ is a global trapper and could gain equivalent charges after the introduction of a H atom no matter where its location is. The hole-trapping ability of the Cu~S~ largely depends on its distance to the −OH group. The effect of the Cu~S~, Cu~L~, and Vo on the adsorption of CO~2~ in the most stable configuration was investigated as well. It is Vo that primarily favors the adsorption of CO~2~ since it provides adsorption sites and excess electrons for the stabilization of CO~2~. According to the adsorption energies, the Cu~S~ could hardly stabilize CO~2~ more. The promotion effect of Vo would even be counteracted by the Cu~L~ as it creates an electronically deficient condition for the whole system and fails to stabilize the bent CO~2~. Because the transformation of CO~2~ into the bent state is more thermodynamically favorable on the OS and Cu-OS, two pathways (HV and DM pathways, see [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) depicting the reduction of CO~2~ into CO were investigated in both cases. In the HV pathway, the adsorption kinetic of CO~2~ could be dominantly boosted by the Cu~S~ through reducing the barrier for the primary transformation of CO~2~ (A1\* → C1). However, the rate-determining barrier about 0.75 eV for the secondary transformation (C1 → C2) could hardly be affected. In the DM pathway, with the assistance of the Cu~S~, CO~2~ experiences only one transformation (A1 → N2) with a barrier of 0.39 eV, and the following dissociation barrier is also moderate (0.3 eV), which features the promoter role of the Cu~S~ in CO~2~ reduction. Nevertheless, it is worth noting that the energy for the desorption of CO from the Cu~S~ is as high as 1.36 eV, which might be one of the causes for the deactivation of Cu-modified TiO~2~. Our work not only provides a molecular insight into the different roles played by the Cu~S~ and Cu~L~ in TiO~2~-based photocatalysis but also is compatible with experimental observations generally. This might assist us to synthesize tailor-made CuO*~x~*/TiO~2~ for the efficient photoreduction of CO~2~ with a new perspective.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01533](https://pubs.acs.org/doi/10.1021/acsomega.0c01533?goto=supporting-info).Additional details on the theoretical work, the stability of different Cu species, several typical locations of Vo and their formation energies, spin density of different surfaces, the adsorption energies of different metastable CO~2~ configurations, the steric maps of various surfaces, PDOS of different CO~2~ configurations, the band structures of different surfaces, and the coordinates of the transition states ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01533/suppl_file/ao0c01533_si_001.pdf))
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